ABSTRACT DNA sequences upstream of the rrnB P1 core promoter (-10, -35 region) increase transcription more than 300-fold In vivo and in vitro. This stimulation results from a cis-acting DNA sequence, the UP element, which interacts directly with the alpha subunit of RNA polymerase, increasing transcription about 30-fold, and from a positively acting transcription factor, FIS, which increases expression another 10-fold. A DNA region exhibiting a high degree of intrinsic curvature has been observed upstream of the rrnB P1 core promoter and has thus been often cited as an example of the effect of bending on transcription. However, the precise position of the curvature has not been determined. We address here whether this bend is in fact related to activation of rRNA transcription. Electrophoretic analyses were used to localize the major bend in the rrnB P1 upstream region to position approximately -100 with respect to the transcription initiation site. Since most of the effect of upstream sequences on transcription results from DNA between the -35 hexamer and position -88, i.e. downstream of the bend center, these studies indicate that the curvature leading to the unusual electrophoretic behavior of the upstream region does not play a major role in activation of rRNA transcription. Minor deviations from normal electrophoretic behavior were associated with the region just upstream of the -35 hexamer and could conceivably influence interactions between the UP element and the alpha subunit of RNA polymerase.
INTRODUCTION
The P1 promoters of the seven E. coli ribosomal RNA operons are among the strongest in the cell with the capacity to produce as much RNA as all the other cellular promoters combined. This exceptional strength results from a near consensus core promoter (-10, -35 region) activated more than 300-fold by an upstream activator region (UAR) (1) (2) (3) .
The UAR contains two functionally distinct elements (Fig. IB) . A promoter proximal region, the UP element, is a cis-acting DNA sequence located between -60 and -40 with respect to the transcription start site which interacts directly with the C-terminal portion of the a subunit of RNA polymerase and increases transcription about 30-fold (2-6 and W.Ross, E.Blatter, R.H.Ebright, and R.L.Gourse, unpublished results). Furthermore, a promoter distal region, located between -150 and -60, increases transcription about 10-fold by binding the FIS protein at three sites (7) . FIS Site I, the site closest to the promoter, accounts for 70 -80% of the effect of FIS on transcription (7) . FIS most likely stimulates transcription by interacting directly with RNA polymerase (6, 8 , and A.J.Bokal, W.Ross, and R.L.Gourse, unpublished results).
DNA fragments containing the rnlB P1 promoter region have retarded mobility on polyacrylamide gels (1, 9) , a feature characteristic of intrinsic DNA curvature (10) . DNA curvature is generally believed to be a function of oligo-dA tracts repeated in phase with the DNA helix (11) (12) (13) , although curvature without A tracts has also been reported (14) . It is possible to localize curvature within a fragment by electrophoresis, since DNA fragments in which the bend is at the center are substantially more retarded than fragments with the bend near an end (10, 15, 16) . Furthermore, the ratio of the apparent length of a DNA fragment to its actual length can be correlated to an apparent DNA bend angle based on co-electrophoresis of fragments containing A6 tracts (17, 18) . Detection of DNA bending is facilitated by electrophoresis in the cold, by the presence of Mg2+ (19) , and by high polyacrylamide concentrations (11) . The relationship between bending and electrophoretic mobility is most likely an approximation which could also be affected by other structural distortions in DNA (13) .
Predictions from computer analyses indicate that bent DNA sequences often occur in the 5' flanking regions of protein coding sequences (20) and are preferentially located upstream of strong E. coli promoters (21) . Direct cloning of fragments displaying unusual electrophoretic mobility also suggested that curvature is often associated with promoters (22) . A+T-rich upstream DNA displaying curvature can sometimes replace a transcriptional activator (e.g. see [23] [24] [25] . However, in some cases it has not been shown that the position of the bend and the position of the sequences which increase transcription are the same. Furthermore, when the sequences do overlap, it is difficult to distinguish effects of curvature on RNAP activity (e.g. by *To whom correspondence should be addressed lQ-D) 1994 The errors in determining a K value for a specific fragment between different experiments were usually quite small (c 4%). Furthermore, differences in electrophoretic mobility between fragments of the same size but with either different sequence composition or different endpoints could be detected and visualized reproducibly when the fragments were in adjacent gel lanes or within the same gel lane. Thus, differences in the mobilities of fragments in certain DNA regions which have K values very close to 1.0 (zero curvature) could still be detected reproducibly.
Construction of mutations in the UP element and evaluation of their effects on promoter strength Mutations were constructed using the method of Kunkel (28) . Primer 5'-ATTTAAAATAATATTCTGACCGCG-3' was used to create a substitution of a T for an A at position -55 (A-55T). Primer 5'-GACAAGAGGAATATTAAAATAATT-3' was used to create the double substitution T-43A, A-44T. Operon fusions with lacZ were constructed in strain NK5031, and (3- galactosidase activities were measured as described previously (29) .
RESULTS

Detection of bending by electrophoresis
Intrinsic DNA curvature can be identified by unusual electrophoretic behavior. The K value is the ratio of the apparent length of a fragment to its actual length: the greater the K value, the larger the deviation in apparent size from real size, which can be indicative of an increase in the bend angle. The K value is also a function of acrylamide concentration, electrophoresis conditions, the length of the DNA fragment, and the position of the bend within the fragment (10, (15) (16) (17) (18) (19) . The closer the bend is to the center of the fragment, the slower is the electrophoretic mobility.
An rRNA promoter containing rrnB P1 endpoints -154 to +50 with respect to the transcription initiation site was shown previously to have maximum rRNA transcription activity and to migrate aberrantly on acrylamide gels (1) . K values of the rmB P1 sub-fragments listed in Table 1 were determined at 25°C and indicated that an anomalous structure, perhaps a bend, was located between -154 and -46. Assuming the anomalous structure represents DNA bending, these data were not sufficient to determine the distribution of the curvature within this region nor the location of the bend center. However, the -154 to -114 and -104 to -46 sub-fragments had normal mobilities, suggesting that the endpoints in the -100 region either disrupted the curved region or placed it too close to the end of the fragment 
A6 tracts).
We next analyzed the rRNA promoter region using the permutation vector pSL6 (8, 16 ) illustrated in Figure LA . Fragments of DNA associated with different functionally important sequences in the region of the rrnB P1 promoter ( Figure  1B) were cloned between the two tandem repeats in the vector. Cleavage at different restriction sites in the tandem repeat generated fragments of the same absolute length but with the bend (if present) at different positions with respect to the ends. The apparent sizes of the fragments were then determined by electrophoresis. Since multiple bends within a fragment can limit the usefulness of this technique, we examined relatively short pieces of DNA.
A A set of at least seven different restriction digestions was performed on plasmid constructs containing each rrnB insert. The set of digests containing a single rrnB insert was electrophoresed on a 10% polyacrylamide gel at 6°C alongside known length markers (data not shown). The digests generating the slowest and fastest running fragments from each permuted fragment set were then electrophoresed on the same gel to permit direct comparison of the K values of different rrnB inserts. The results are shown in Figure 2A , illustrated graphically in Figure 3A , and tabulated in Table 2 . Only the fragment containing the -154 to -64 insert (and the larger fragments which contain this region, -154 to -46 and -154 to +50) had K values of 1.4 to 1.5. All other fragments tested, including several containing the UP element region with a variety of fragment endpoints, deviated in mobility from their actual sizes by less than or equal to about 10%. These results indicated that the major bend in the rrnB P1 promoter region is located upstream of the UP element.
Electrophoresis of the same digests in the presence of 0.5 jig/ml ethidium bromide or at 55°C, either of which reduces the effect of bending on electrophoretic mobility (32) almost as predicted by the actual fragment sizes ( Figure 2B , Figure 3B , Table 2 , and data not shown). Thus, deviations from normal mobility are a function of the structure of the fragment and not from miscalculation of actual length. The electrophoretic mobility of the -154 to -64 fragment was also compared directly with that of fragments containing different numbers of phased A tracts from the Thompson-Landy set (18) in order to obtain an estimate of the major bend angle occurring within the rrnB promoter region. The -154 to -64 fragment migrated with a K value between that of fragments with 4 and 5 A-tracts, providing an estimated bend angle of about 800 (18) . This estimate of 800 and that noted above of 1080 likely We tested whether these minor electrophoretic abnormalities reflect curvature in the UP element (-40 to -60) region by comparing the mobility of a fragment with -88 to +1 rmB endpoints to that of an identical fragment containing a substitution of the sequences from -41 to -59 [the SUB mutation, sequence provided in legend of Figure 5 (2, 3) ]. The wild type fragment ('W'; Figure 5 ), which contains two A-tracts in phase, migrated only slightly slower than the fragment of the same length containing the SUB mutation ('S'), consistent with the results reported in Table 2 indicating that only minor curvature exists in this region. (The maximum K value of the wild type fragment was about 1.03, while the K value of the SUB fragment was about 0.98.) The small difference in the mobilities of the wild type and SUB fragments is likely to reflect bending, however, since the difference was greatest when the A-tract regions were near the center of the fragment ( Figure 5 , PvuII or XhoI digests). Functional role of A-tracts within the UP element The UP element consists of 90% adenine and thymine residues, contains phased A/T-tracts (Figure 6 ), and increases transcription of rmB P1 at least 30-fold in vivo and in vitro (2, 3) . Replacement of the -40 to -60 region in rrnB P1 with the SUB mutation completely eliminates activation by the UP element and partially reduces activation by FIS bound at FIS Site I (3), resulting in a reduction of transcription even greater than 30-fold. Figure 5 . Electrophoretic mobility of fragments containing rrnB P1 derivatives with substitutions upstream of the -35 hexamer. Promoter fragments with rrnB P1 sequences from -88 to + 1 were inserted into pSL6 and digested with either Miuf, XoI, PvuII, or BamHI. S, SUB mutant (2, 3); W, wild type; T, C-37T substitution (29, 34) . Electrophoresis was performed at 6°C as described for the other figures. The sequence of the SUB mutation in the UP element of rmB P1 is (-59) 5'-GACTGCAGTGGTACCTAGG-3' (-41) (3).
The functional role of the phased A/T-tracts in the -40 to -60 region was addressed by disrupting the A/T-tracts with substitution mutations without changing the A+T content. The T-tract at -41 to -43 and the A-tract at -44 to -46 (top strand sequences provided in Figure 6 ) were altered with a double substitution (T-43A, A-44T). In a separate experiment, the -54 to -57 A-tract was disrupted with a single substitution, A-55T. The mutant promoters (with rrnB endpoints of -88 to +1) were fused to lacZ and inserted into the bacterial chromosome as monolysogens of bacteriophage lambda. The activities of these fusions are shown in Table 3 , compared to a fusion with the wild type promoter with the same endpoints. The A/T-tract mutations reduce transcription only 1.3 to 1.6 fold, implying that the continuous runs of A or T residues do not account for the 30-fold effect of the UP element. Altered DNA structure from a mutation at - 37 We have reported previously that a mutation at position -37 (C-37T) reduces rrnB P1 promoter activity 10-20 fold, but that substitution of an A or G residue at this position reduces activity only 2-3 fold (29, 34) . We speculated that the large allele-specific effect of the T substitution might result not from the importance of the wild type C residue to promoter function, but from the creation of a series of four T residues in phase with another T tract upstream, which might result in a bend that might be detrimental to promoter function in vivo.
In order to test this hypothesis, we compared the mobility of the promoter fragment containing the wild type -88 to +1 region with that of the same promoter fragment containing the C -37T mutation at position -37. As shown in Figure 5 , the fragment containing the C -37T mutation ('T') migrates differently from that containing the wild type promoter region. Whether or not this alteration in structure actually is responsible for the defect in promoter activity of course remains to be determined. Since the C -37T promoter fragment migrates more like that containing the SUB mutation, the newly created A/T tract may be out of phase with other A/T tracts in the fragment. The resulting bends in opposing directions might then cancel overall effects on mobility.
DISCUSSION
Using permuted sets of restriction fragments carrying different portions of the rrnB P1 promoter and its upstream sequences we were able to localize a major structural anomaly, most likely a bend, centered around position -100. This conclusion agreed with the results of other electrophoretic analyses of the rrnB promoter region [ Table 1 and (1) (17, 37) ], but the presence of the upstream region gives DNA fragments a K value equivalent to that expected from the presence of four to six phased A6 tracts. Figure 6 shows that there are five A (or T)-tracts 3bp or more in length (at -81, -92, -104, -113, and -134) in the vicinity of the bend center. Other sequences could add to the degree of curvature observed, and/or anomalies in structure in addition to bending could also contribute to the observed retarded electrophoretic mobility. Nevertheless, the position of the bend (38) for sequences]. However, the phased A/T tracts are not in exactly the same position as those that generate the bend centered at about -100 in rrnB, nor are they uniformly positioned relative to the core promoter. Therefore, their function, if any, remains unknown.
Fragments containing at least a portion of the rrnB UP element but without the -100 region exhibited a slight degree of aberrant electrophoretic mobility (R values less than or equal to 1.1, which is less than or equal to the deviation expected from the presence of two phased A/T tracts under our conditions). A mutation at position -37 which creates a T-tract increased the electrophoretic mobility of an rmB P1 promoter fragment slightly, further indicating that a subtle, non-standard DNA structure probably exists in this region.
Three point mutations disrupting the A/T tracts in the wild type UP element had only small effects on transcription activity. Therefore, if the A/T tracts are responsible for the small degree of curvature associated with this region, either the mutations do not affect this curvature, or the curvature plays little role in the 30-fold increase in transcription resulting from UP element function. On the other hand, either displacement of the UP element by non-integral portions of a helical turn (6, 29, 34) or creation of an additional T tract with a T substitution at position -37 (29, 34) severely decreases promoter activity. Thus, correct positioning of the RNAP alpha subunit (which binds to the UP element) relative to the sigma subunit (which binds to the -10 and -35 hexamers) most likely plays a major role in promoter activity (2) . The sequence and structural determinants responsible AGCT GAACAAT TATT GCCCGTTTTACAGCGTTACGGCTTCGAAACGCTCGAAAAACTGGCAGTTTTAGGCTGATTTGCTTGAATGTTGCGCGGTCAGAAAATTA +40 __ TTTTAAATTTCCTCffT-GT-C-*GCCGGAATAACTCCCFA-T-A-A-*CGCCACCACTGACACGGAACAACGGCAAACACGCCGCCGGGTCAGCGGGGTTCTCCTG L- 30- for interaction of the RNA polymerase alpha subunit with the -40 to -60 region and thus for UP element function are under investigation. Although a high degree of intrinsic curvature appears not to play a role in this interaction, it is certainly possible that binding of alpha may be facilitated by subtle structural distortions determined by the DNA sequence.
In summary, although the obvious intrinsic curvature in the rrnB P1 upstream region is often cited as an example of the effects of DNA bending on transcription, apparently this bend plays little or no role in FIS-dependent activation, UP element function, or in core promoter strength, which together account for the high activity of rRNA promoters.
